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E-mail address: raquelsegurado@ist.utl.pt (R. SeguIn this article different scenarios are analysed with the objective of increasing the penetration of renew-
able energies in the energy system of S. Vicente Island in Cape Verde. An integrated approach is used to
analyse the electricity and water supply systems. The H2RES model, a tool designed to simulate the inte-
gration of renewable sources and hydrogen in the energy systems of islands or other isolated locations, is
applied.
There is no other source of fresh water available to supply the population of S. Vicente, apart from desa-
linated seawater. The electricity supply system of this Island is based on fossil fuel and wind. S. Vicente
has important wind resources that are not fully used because of its intermittent nature. The topography
of this Island is relatively uniform, with the exception of Mont Verde, a 774 m high mountain located in
its centre, which could be suitable for pumped hydro storage.
The present analysis incorporates the possibility of using pumped hydro as a storage technique to
increase the penetration of renewable energy sources, using desalinated seawater.
The results show that is possible to have more than 30% of yearly penetration of renewable energy
sources in the electricity supply system, together with more than 50% of the water supplied to the pop-
ulation produced from wind electricity.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
Most islands depend mainly on the importation of fossil fuels
for energy production and, at the same time, present a consider-
able potential in renewable energies. The use of this potential in
the production of electricity and fresh water (usually very scarce
in islands) could represent a large fraction of the total energy dis-
tribution [1].
One of the major challenges of increasing the penetration of
renewable energy in a system is to integrate a high share of inter-
mittent resources into the electricity supply system [2,3].
The intermittent nature of some renewable energy sources as
well as the small energy systems of islands introduce barriers to
their penetration, like the struggle to match the demand with the
supply and the problems related with the integration in the net-
work. Hence, the integration of intermittent renewable energy
sources in energy systems requires the development of energy
storage technologies, energy management technologies and a
greater sophistication of these systems.
The integration of renewable energy sources in energy systems
of small islands presents several advantages, namely at economical
level, their high technological cost is compensated by the high costll rights reserved.
: +351 21 847 5545.
rado).of the conventional sources of energy due to the small dimension
of the energy systems and because of a very expensive security
of supply. In order to achieve sustainable development, the inte-
gration of renewable energy sources for the production of electric-
ity, together with suitable policies and regulations regarding
rational use of energy, are very important. The conventional elec-
tricity production technologies are rarely adapted to the conditions
of isolated areas and can seriously damage the vulnerable ecosys-
tems and natural habitats. There is the need to develop an energy
supply infrastructure that takes into consideration the seasonal
variations caused by the tourist activity, without destroying the lo-
cal environment or producing avoidable emissions.
Due to the several available renewable energy sources, the
increasing number of technologies for their use and the different
options for energy storage, the planning and modelling of energy
systems are complex and demanding. Specialized models were
developed to help in solving that problem [4].
To date, a number of analyses have been carried out on the fea-
sibility of integrating renewable energy resources in islands. Many
of them consider the possibility of using hydrogen as energy stor-
age, in order to increase the penetration of intermittent renewable
energy sources in the energy systems of islands [4–9].
In many places there is already an excellent storage potential in
the local water supply system. By merging the energy and water
supply systems, where there is sufﬁcient elevation difference, it
Fig. 1. H2RES computer model v2.8.
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penetration of intermittent renewable energy sources, as for exam-
ple wind, even in case where there is not much hydro potential.
In Duic´ et al. [10], the possibility of using pumped hydro storage
in the Island of Corvo, in Azores, is analysed. In this case, with the
integration of the water supply systemwith pumped hydro, adding
storage to energy and resources systems, it is possible to signiﬁ-
cantly increase the penetration of locally available resources and
thus increase the security of supply and decrease the import
dependence.
A wind-powered pumped hydro system is proposed in Bueno
and Carta [11] for the Island of El Hierro, Canary Islands, in order
to increase the renewable sourced energy penetration of the Island
grid. The results indicate that an annual renewable energy penetra-
tion of 68% can be achieved.
S. Vicente has very important and stable wind resources. The Is-
land also has Mont Verde, a 774 m high mountain located in its
centre. These features make S. Vicente suitable for the use of
pumped hydro as a storage technique. As there is no fresh water
available in the Island, the proposed solution considers the use of
desalinated water in the pumping and hydro station to later be
supplied to the population.
The installation of desalination units is a common solution
throughout the world in areas with water scarcity [12]. However,
desalination is a process that requires a signiﬁcant amount of en-
ergy [13], thus, renewable energy driven desalination plays a vital
role in the application of this technology.
There are several studies that analyse renewable energy pow-
ered desalination systems [12–21].
The purpose of this study is to couple these two issues: the inte-
gration of renewable energy sources in the electricity supply sys-
tem and the water scarcity problems of S. Vicente, using the
intermittent excess to supply the desalination and the pumping
units.
The innovation of this study lies on the analysis of the combina-
tion of these two supply systems (energy and water) in order to in-
crease their efﬁciency.
In this article different scenarios are analysed for increasing the
penetration of renewable energy in the energy system of S. Vicente
Island. The tool used is H2RES, a model designed to simulate the
integration of renewable energy sources and hydrogen in islands
or other isolated locations.
There are two types of scenarios. Scenarios with 30% hourly
intermittent energy penetration, that is considered the limit of
the current conversion technology that is installed on the Island,
and scenarios without this limit, where it is assumed that the con-
version technologies can also provide output control and auxiliary
services [8].
It is shown that is possible to have more than 30% of yearly pen-
etration of renewable energy sources in the electricity supply sys-
tem, together with more than 50% of the water supplied to the
population produced from wind electricity. The penetration of
renewable energy sources can reach 70%, when 100% hourly inter-
mittent energy penetration is considered.
2. Methodology
2.1. H2RES model
In Connolly et al. [22], a review is made of the different tools
than can be used to analyse the integration of renewable energy.
H2RES is classiﬁed as a simulation tool, as it simulates the opera-
tion of a given energy system to supply a given set of energy de-
mands; a scenario tool, as it combines a series of years into a
long term scenario; a bottom-up and an operation optimisation
tool.The H2RES model (Fig. 1) simulates the integration of renewable
sources and hydrogen in the energy systems of islands or other iso-
lated locations. It is based on hourly time series analysis of demand
(water, electricity, hydrogen, heat); storage (pumped hydro, bat-
teries, hydrogen, heat) and resources (wind speed, solar radiation,
precipitation). The main purpose of this model is energy planning
of islands and isolated regions which operate as stand-alone sys-
tems, but it can also serve as a planning tool for single wind, hydro
or solar power producer connected to a central power system.
Throughout time, the model is evolving and several new modules
have been developed such as wave, biomass, solar heat and
desalination.
Several articlesdescribeH2RESmodelwithdetails of itsoperation
[1,4–8,10]. The version that has been used for calculating Portugal
case study has been updatedwith a wavemodule. Themain charac-
teristic of H2RES model is that it uses technical data of equipment,
hourly meteorological data for intermittent sources and, according
to description in [6,7], energy balancing is regulated by equations.
Wind velocity, solar radiation and precipitation data obtained
from the nearest meteorological station are used in the H2RES
model. The wind module uses the wind velocity data at 10 m
height, adjusts them to the wind turbines hub level and, for a given
choice of wind turbines and converts the velocities into the output.
The load module, based on a given criteria for the maximum
acceptable renewable electricity in the power system, puts a part
or all of wind and solar output into the system and discards the
rest of the renewable output. The hourly load of the power system
is obtained from the local utility.
The excess renewable electricity is then stored either as hydro-
gen, pumped water or electricity in batteries. The energy that is
stored can be retrieved later, and supplied to the system as elec-
tricity. The rest is covered by diesel blocks.
A comparative study between H2RES and EnergyPLAN, a model
designed for the analysis of different regulation strategies of com-
plex energy systems, is made in Lund et al. [23].
2.2. Desalination module
The desalination module uses the electricity produced from ex-
cess wind to supply the desalination units, that produce drinkable
water and put it on the lower reservoir, this reservoir is then used
to supply the population. This module takes into account the total
capacity of these units (m3 of water produced per hour) and their
electricity consumption per unit of water produced. At each hour,
the desalination module veriﬁes if the lower reservoir has at least
1 day of water demand, if it does not, and if the user allows this op-
Table 1
Desalination installed capacity in S. Vicente [27,28].
Technology Number of
units
Nominal capacity
(m3/day)
Reverse osmosis 3 1000
Mechanical vapour compression 1 1200
Multiple effect distillation 1 2400
Reverse osmosis 1 1200
Total 6 7800
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fossil fuel blocks.
2.3. Optimisation criteria
According to Østergaard [24], many different optimisation crite-
ria might be applied to the design of environmentally benign en-
ergy systems and no unequivocal answer can be found to the
question of how to design an optimal energy system.
The optimisation criteria used in this study is the maximization
of the penetration of renewable energy sources in the electricity
system of S. Vicente, keeping the rejected intermittent electricity
close to 10% in the scenarios with 30% hourly intermittent energy
penetration. In scenarios with 100% hourly intermittent energy
penetration, the rejected intermittent electricity is kept under
30% [1].3. Results
3.1. The Island of S. Vicente
S. Vicente is the second most crowed Island in the Archipelago
of Cape Verde, which is composed of 10 Islands and is situated at
about 450 km of the West African coast, in the Atlantic Ocean
(Fig. 2). This Island had about 74,031 inhabitants in 2005 [25],
mostly concentrated in its capital, Mindelo.
S. Vicente has about 228 km2 of area and its topography is rel-
atively uniform, having just one high point – Mont Verde – located
at 774 m of altitude.
The Island is extremely dry; all of the fresh water provided to
the population is obtained by seawater desalination. The desalina-
tion units installed in S. Vicente are showed in Table 1.
The reverse osmosis unit of 1200 m3 per day is the most recent
unit, installed in 2007.
In 2005 the total fresh water production was about 17 m3 per
capita.
The electricity production in the Island is based in fossil fuel and
wind technologies. There are two conventional thermal fossil fuelFig. 2. Map of Cappower plants, the Matiota and the Lazareto plants. The total fossil
fuel power installed in 2005 was about 20,170 kW. There are also
three Nordtank wind turbines of 350 kW each [27].
The electricity production in this year was about 57 GWh and
the peak power was 10,200 kW.
The electricity demand is relatively stable throughout the year,
as there are not large climate variations, as can be seen in Fig. 3,
with the hourly load of January 15th and August 15th 2005.
The Island has important wind resources. The hourly wind
speed of 2005 was collected from the local meteorological station.
In this year, the average wind speed was about 8 m/s.3.2. Energy scenarios for S. Vicente
In order to apply the H2RES model to the Island of S. Vicente,
ﬁve scenarios were elaborated, having all 2005 as base year.
The ﬁrst scenario is the Business As Usual, as it only considers
the projects that are already foreseen for the Island.
Regarding the evolution of the electricity and water demand,
study made by the Research Group on Energy and Sustainable
Development in the scope of the National Energy Plan for Cape
Verde [29], was considered. This study considered the forecast of
the evolution of the Gross Domestic Product and of the resident
population in order to forecast the growth in the consumption of
electricity in the different Islands of Cape Verde (Table 2), the
growth in the consumption of water was considered the same.
Currently, wind energy can be considered economic viable in
islands, as long as it does not surpasses a certain limit of penetra-e Verde [26].
Fig. 3. Hourly electricity load of 1 day in the summer and 1 day in the winter in 2005, in S. Vicente.
Table 2
Forecast of the annual demand growth of electric-
ity in the Island of S. Vicente [29].
Period Annual growth (%)
2006–2009 7.92
2010–2014 6.40
2015–2019 4.20
2020–2024 3.36
2025–2030 3.08
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renewable energy penetration, which means that only 30% of the
load of 1 h can be covered by electricity generated from wind.
According to ELECTRA, the local utility, it is foreseen the instal-
lation of more 6800 kW of wind-power in the Island, in this study
it is considered that it will be 8 turbines V52 of 850 kW each, from
Vestas.
The second scenario considers the supply of electricity pro-
duced from wind to the desalination plants already installed on
the Island. This scenario considers the construction of a
30,000 m3 reservoir, at low altitude, where the water that comes
out of the desalination plant will be stored before being supplied
to the population. It is believed that S. Vicente has several reser-
voirs of smaller dimension spread through the Island. When the
excess electricity from wind is not enough to desalinate all the
water needed the diesel blocks are used to supply the remaining
required electricity.
The succeeding scenario maximizes the desalination from wind
electricity.
Scenario four considers the storage of the excess wind pro-
duction through pumping of the desalinated water. This scenarioWind 
Park
Lower 
Reservoir
DPumping 
Station
Upper 
Reservoir
Hydroelectric  
Plant
Fossil Fuel Plants
Fig. 4. Scheme ocontemplates the construction of a dam or water reservoir with
about 50,000 m3 at 500 m of altitude. Thus, the wind park would
supply electricity to a desalination plant and to a pumping sta-
tion that puts desalinated water in the upper reservoir. When
it is necessary to supply water and electricity to the population,
the water is turbinated from the upper to the lower reservoir
(Fig. 4).
The ﬁfth scenario is similar to the previous one, but aims to
maximize the renewable energy sources (RES) penetration in this
energy supply system.
All of these scenarios were modelled once more, but allowing an
hourly intermittent energy penetration of 100% (scenarios 6–9).3.3. Results of the modelled scenarios
3.3.1. Scenario 1 – BAU
Regarding the ﬁrst scenario, the electricity production in S.
Vicente from 2005 to 2030 is stated in Fig. 5. It was considered
the above mentioned installation of 6800 kW of wind energy by
2010 and the addition of diesel blocks to satisfy the growth of
the demand.
It is clear that the penetration of the wind electricity production
increases from 2005 to 2010, due to the installation of the new
wind turbines, it increases from 6% to 22%. However, from then
on, it decreases, as no more wind turbines are added to satisfy
the demand growth, only diesel blocks.
In this scenario, the electricity produced from wind has a large
amount that is rejected, especially in 2010, with 45% of wind elec-
tricity rejected. As the years go by, this rejection decreases due to
the growth of demand and the non installation of more wind tur-
bines, in 2030 it reaches about 9% (Fig. 6).esalination 
Plant
Seawater
Max. 30%
Supply to the 
population:
Water
Electricity
f scenario 4.
Fig. 5. Power production in S. Vicente for the BAU scenario.
Fig. 6. Wind potential taken and rejected in S. Vicente for the BAU scenario.
Fig. 8. Power production in S. Vicente for scenario 5.
Fig. 7. Production of desalinated water in S. Vicente for scenario 3.
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An excellent way to decrease the wind electricity rejected is to
supply the desalination plant with this excess electricity. However,
whenmodelling this scenario, the ﬁrst conclusion reached was that
the wind produced was not enough to desalinate all the water
needed. Hence, it was considered the supply of electricity from
the diesel blocks, when the electricity from wind was not enough.
The evolution of the water demand was considered to be the
same as the electricity demand.
These calculations considered desalination units already in-
stalled in the Island, and the addition of desalination units to sat-
isfy the growth of the demand over the years.
The load considered in the ﬁrst scenario included the electricity
needed to desalinate water to be supplied to the population, thus,
there was the need to subtract the electricity used for desalination.
According to [27], 14% of the electricity produced in S. Vicente in
2005 was to supply the desalination units. Hence, and because
hourly consumption of water does not vary very much, as there
are not large water storages, this percentage was deducted from
the hourly load.
Regarding the supply of electricity from wind, although there is
a 30% hourly limit for the supply of the population, there is no limit
for the supply to the desalination units.
A reservoir of 30,000 m3 was considered, in order to have water
storage with a capacity of about 5 days of the demand of 2010.
In this scenario, the penetration of wind electricity reaches
higher levels than in the previous one. The proportion of wind elec-
tricity rejected in this scenario is much lower, reaching its higher
value, about 23%, in 2010.
In order to maximize the desalination from wind (scenario 3),
the inﬂuence of the wind turbines installed, of the capacity of the
desalination units and of the capacity of the lower reservoir was
studied. Although the most important factor was the power of
the wind turbines installed, the increase of this value leads to an
increase of the wind electricity rejected. To avoid this, the capacity
of the desalination units needs also to increase. Hence, as men-tioned above, the number of wind turbines and desalination units
was optimised so that yearly wind desalination was maximized
while keeping the rejected wind electricity close to 10% [1].
With the installation of wind turbines throughout the year, it is
possible to increase the penetration of wind electricity and keep it
more or less constant along the years.
The production of desalinated water, by electricity from wind
and from the fossil fuel blocks is stated in Fig. 7.
The fraction of desalinated water produced from wind reaches
57% in 2020, and although it decreases slightly in the following
years, it never goes below 47%.3.3.3. Scenarios 4 and 5 – desalination and pumped hydro
Scenario 4 considers the pumping of desalinated water to an
upper reservoir with 500,000 m3 of capacity, at 500 m of altitude,
and its later supply to the population producing also electricity
from the hydroelectric plant. It was considered that the hydroelec-
tric plant is used for peak shaving, about 80% of the weekly peak.
The load factor of the hydraulic turbines was kept above 20%.
In scenario 5, the RES penetration in the energy supply system
of the Island of S. Vicente was maximized with the installation of
more wind turbines. When modelling this scenario, there was
the need to verify, when testing all the possibilities, if none of
the reservoirs overﬂowed. This is a very important issue, especially
in an island as arid as S. Vicente. Thus, the two restrictive factors in
maximizing RES penetration were the prevention of overﬂow of
the reservoirs and the control of the intermittent rejected.
The electricity production along the years for this scenario is
indicated in Fig. 8.
In 2020, the hydroelectric plant produces about 3% of the total
electricity produced in the Island, 30% is produced from wind,
totalizing 33% of RES electricity.
R. Segurado et al. / Applied Energy 88 (2011) 466–472 4713.3.4. 100% hourly intermittent energy penetration scenarios
These scenarios allow the hourly intermittent energy penetra-
tion rate to reach 100%. The number of wind turbines was opti-
mised so that yearly wind penetration was maximized while
keeping the rejected wind electricity close to 30% [1].
Unsurprisingly, in these scenarios the penetration of wind elec-
tricity is much higher. In scenario 7, where the desalination from
wind is maximized, this value reaches 75% in 2020. The electricity
produced from wind is about 70%.
In scenario 9, where the RES penetration is maximized, the
hydroelectric plant produces about 6% of the total electricity pro-
duced in the Island in 2020, 65% is produced from wind, totalizing
71% of RES electricity.
3.3.5. Comparison between scenarios
In Fig. 9 the power generated to supply the Island of S. Vicente
in the year 2020 in stated for four different scenarios.
It is clear that in scenario 9 the renewable energy sources have a
higher fraction. In this scenario, the avoided electricity production
from fossil fuel reaches 62.2 GWh. Using an overall electricity
emission factor of diesel generators of 0.75 kg CO2 per converted
kWh [17], the avoided greenhouse gas emissions are 46,671 ton
CO2.
Considering the 30% of hourly penetration limit (scenario 5), the
avoided electricity production from fossil fuel reaches 11.8 GWh
which corresponds to 8860 ton CO2 of avoided greenhouse gas
emissions.
Fig. 10 illustrates the amount of desalinated water produced
from wind and from fossil fuel in the different scenarios.
In scenarios 3 and 4, the desalination from wind is always bal-
anced with the desalination from fossil fuel. In 2020, these scenar-
ios present a fraction of desalinated water produced from wind ofFig. 9. Power production in S. Vicente in 2020, for four different scenarios.
Fig. 10. Production of desalinated water in S. Vicente in 2020, for four different
scenarios.53% and 56% respectively. Scenarios 7 and 9 have a higher fraction
of desalinated water produced from wind, 75% and 59%
respectively.
4. Conclusions and future developments
This article analyses the way to increase the penetration of
renewable energy sources in the Island of S. Vicente, in Cape Verde,
coupling the energy and water supply systems. Based on existing
load data and meteorological data, several scenarios were built
and modelled using the H2RES model. The scenarios considered
wind, pumped hydro storage and desalination technologies.
The maximization of desalination from wind resulted in frac-
tions of desalinated water produced from wind of about 57% in
2020, but from the following years, this value decreased to around
50%.
The maximization of renewable energy sources in this supply
system resulted in a penetration of about 33% of these technolo-
gies, with a major fraction from wind and a much lower contribu-
tion from hydroelectricity.
If an hourly intermittent energy penetration rate of 100% is al-
lowed, the percentage of desalinated water produced from wind
can reach 75% and 59% in 2020 for the scenarios 7 and 9, respec-
tively, but for the following years, this value decreases. Regarding
the maximization of renewable energy sources, the penetration
of these technologies in this supply system reached 71%, with
65% of wind and 6% of hydroelectricity.
These scenarios need to be analysed in environmental and
ﬁnancial terms. There is also the need to examine the sites were
the reservoirs can be built and the wind turbines installed, for in-
stance to determine if it is possible to install reservoirs with this
dimension, and what is the impact on the local environment.
In order to improve the input data of the ﬁrst scenario and the
baseline year, an update of the forecast of the demand growth will
be carried out, together with an assessment of the demand in
water and energy of the tourist projects foreseen for the Island.
Later work will be done on modelling the occurrence of fog in
Mont Verde, and consider its collection to the upper reservoir, hav-
ing this way more water stored in the upper reservoir, increasing
the amount of water that can be turbinated to generate electricity
and supplied to the population.
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